Viscoelasticity as it becomes apparent through the oscillatory motion in flow relaxation experiments is studied theoretically for liquids and liquid solutions containing nonspherieal particles. The coupling between the viscous flow and the molecular alignment which underlies the flow birefringence gives rise to a viscoelastic behavior. The relevant time scale is determined by the orientational relaxation time rather than the (often much shorter) Maxwell relaxation time. The possible relevance of the present theory for the viscoelastic behavior of some dilute aqueous detergent solutions is discussed.
Viscoelasticity as it becomes apparent through the oscillatory motion in flow relaxation experiments is studied theoretically for liquids and liquid solutions containing nonspherieal particles. The coupling between the viscous flow and the molecular alignment which underlies the flow birefringence gives rise to a viscoelastic behavior. The relevant time scale is determined by the orientational relaxation time rather than the (often much shorter) Maxwell relaxation time. The possible relevance of the present theory for the viscoelastic behavior of some dilute aqueous detergent solutions is discussed.
The coupling between the viscous flow and the molecular alignment which underlies the flow birefringence and the non-newtonian viscosity of molecular liquids and colloidal solutions also implies a viscoelastic behavior. The viscoelasticity associated with the molecular alignment is rather different from the viscoelasticity which follows from the Maxwell relaxation model [1] . In particular, the "elastic component" of the viscoelasticity shows up on a frequency scale determined by r _1 where r is the orientational relaxation time which can be many orders of magnitude larger than the Maxwell relaxation time tm-Thus the present theory may provide an explanation for the surprising viscoelastic behavior observed in some dilute detergent solutions [2] which have a viscosity comparable to that of water. The method of observation was to look for oscillatory motions in a simple flow relaxation experiment [2] .
In this article the basic equations are stated which govern the friction pressure tensor p and the alignment tensor a. Then these equations are applied to an experimental situation where a liquid can reveal its viscoelasticity: the occurrence of a free oscillatory motion (which is damped) where an ordinary viscous fluid would just show an exponential relaxation.
Firstly, however, a remark on the alignment is in order. Consider a liquid containing (effectively) axisymmetric particles. Their orientation can be described by an orientational distribution function depending on the unit vector u which is parallel to the figure axis of a particle. The type of orientation Reprint requests to Prof. Dr. S. Hess, Inst. f. Theor. Physik, Glückstr. 6, D-8520 Erlangen.
which is of relevance for the present problem is characterized by the (2nd rank) alignment tensor [3] a = £<mu>. The bracket <...) indicates an average evaluated with the orientational distribution function. The symbol ... refers to the symmetric traceless part of a tensor, in particular, one has uu = uu -J 8; 8 is the unit tensor. The quantity £ is a numerical factor which can be chosen conveniently but need not be specified here.
The Basic Equations
The equations for the symmetric traceless part p of the friction pressure tensor p and the alignment tensor are [4, 5] -(l+T"A)p
(1)
where v is the flow velocity and the average rotational velocity co of the (stiff) particles is given by
The quantity Pk = nk^T is the kinetic pressure, n is the (total) number density, the Boltzmann constant and T the temperature of the liquid. The where the dimensionless coefficient A is of the form magnetic field see [9, 10] . Equation (2) can also be derived from a generalized Fokker-Planck equation [11] .
For the present applications, it is advantageous to eliminate the alignment tensor a from (1, 2).
With Z replaced by A a, cf. (6, 7, 8) , the equation
1 + P = 2rjVv
+ rj---2to X J(p + 2r?ooVv is obtained, where the relaxation time r is given by r -ra -4 -1 ,
and Tap 
is the 2nd newtonian viscosity which is reached for
(cf. Ref. [6] ). Here, it is assumed that the terms containing to can be disregarded. Then (9) 
where Q -nm is the mass density and P is the hydrostatic pressure.
Next, the application of (12, 14) to a flow relaxation problem is presented for a simple geometry. 
where k is chosen such that v vanishes at the two planes corresponding to y=±d (no slip boundary condition). It is understood that (15) is just one term of a Fourier series expansion. Its leading term has a k value given by
For t = 0, F is determined by the Fourier coefficient of the stationary velocity profile which is proportional to 1 -(y/d) 2 .
Insertion of the ansatz (15) into (12, 14) with V P = 0, elimination of p and use of the incompressibility condition = 0 leads to anordinary differential equation for V(t), viz. are used, yields
for the eigenfrequencies Qi/o-The quantity K is a dimensionless wave vector defined by
and R stands for
The eigenfrequencies are purely imaginary (overdamped motion) or contain a real part (damped oscillations) depending on whether 4 K 2 is smaller or larger, respectively, than
In the first case, the well-known resultF~ e~K'~T = ' is recovered for K 2 1. Here, the main attention is focussed on the oscillatory solutions which immediately reveal the elastic component of the viscoelasticity. Solutions of this type only occur in a certain interval of K values which is determined by Kx 2 <K 2 < Kz 2 (23)
For R = 1 -£ 2 , £ 1, (24) reduces to K%2 xa 1 ± 2e;
for R<^ 1, Ki 2 1/4, K2 2 -+ OO is obtained. Thus K 2 fti 1 is a typical value where an oscillatory rather than a simple exponential relaxation can occur.
This corresponds to
The relation (16) between lc and the typical macroscopic length d has been used in (25). In other words, the elastic component of viscoelasticity becomes apparent in a flow relaxation esperiment only if the (effective) relaxation time t + tm is large enough to match the macroscopic relaxation time v~ld 2 . The latter quantity is of the order of 1 s for a viscosity comparable to that of water and dm 1 mm.
The results pertaining to a pure Maxwell relaxation model (no coupling with the alignment) are recovered with r = r' -0. Then of course, the relation (25) cannot be fullfilled for the case discussed above.
The damped oscillatory solution as it follows from (17) with the initial conditions V -Fo, P = 0
In Fig. 1 . the quantity Q is plotted as function of It should be mentioned that terms nonlinear in a were disregarded in E, cf. (2) . These terms are of importance for strong alignment and if a transition into a nematic phase can occur. A detailed analysis of the non-linear Eq. (2) for a stationary situation revealed [13] that the velocity gradient can induce a transition into an orientationally ordered phase which is essentially of nematic type under certain conditions where the fluid is in the isotropic phase in the absence of shear. The shear induced transition observed in dilute viscoelastic detergent solutions [2, 14] may be of this type.
Finally, however, a few qualifying remarks on the application of the present theory to the aforementioned detergent solutions are in order. In this case, the nonspherical (rod like) particles are micelles or vesicles which cannot be expected to be stiff. Thus, firstly, the angular velocity of the long axis of the micelle can be smaller than \ rot v due to the possible occurrence of a rotatory flow of the outer layer of a micelle or vesicle. This can even provide a better justification of the neglect of terms containing co in Eq. (9) which is, strictly speaking, only a good approximation for | u> | r ^ 1. Secondly, the velocity gradient may directly deform the particles or change their size by affecting the chemical
